
NASA/TM--2002-211908 Paper Number 17_5169

Pulse Detonation Engines for

High Speed Flight

Louis A. Povinelli

Glenn Research Center, Cleveland, Ohio

September 2002



The NASA STI Program Office... in Profile

Since its founding, NASA has been dedicated to

the advancement of aeronautics and space
science. The NASA Scientific and Technical

Information (STI) Program Office plays a key part

in helping NASA maintain this important role.

The NASA STI Program Office is operated by

Langley Research Center, the Lead Center for
NASA's scientific and technical information. The

NASA STI Program Office provides access to the

NASA STI Database, the largest collection of

aeronautical and space science STI in the world.

The Program Office is also NASA's institutional

mechanism for disseminating the results of its

research and development activities. These results

are published by NASA in the NASA STI Report

Series, which includes the following report types:

TECHNICAL PUBLICATION. Reports of

completed research or a major significant

phase of research that present the results of

NASA programs and include extensive data

or theoretical analysis. Includes compilations

of significant scientific and technical data and

information deemed to be of continuing

reference value. NASA's counterpart of peer-

reviewed formal professional papers but

has less stringent limitations on manuscript

length and extent of graphic presentations.

TECHNICAL MEMORANDUM. Scientific

and technical findings that are preliminary or

of specialized interest, e.g., quick release

reports, working papers, and bibliographies
that contain minimal annotation. Does not

contain extensive analysis.

CONTRACTOR REPORT. Scientific and

technical findings by NASA-sponsored

contractors and grantees.

CONFERENCE PUBLICATION. Collected

papers from scientific and technical

conferences, symposia, seminars, or other

meetings sponsored or cosponsored by
NASA.

SPECIAL PUBLICATION. Scientific,

technical, or historical information from

NASA programs, projects, and missions,

often concerned with subjects having

substantial public interest.

TECHNICAL TRANSLATION. English-

language translations of foreign scientific

and technical material pertinent to NASA's
mission.

Specialized services that complement the STI

Program Office's diverse offerings include

creating custom thesauri, building customized

databases, organizing and publishing research

results.., even providing videos.

For more information about the NASA STI

Program Office, see the following:

• Access the NASA STI Program Home Page

at http://www.sti.nasa.gov

• E-mail your question via the Internet to

help@sti.nasa.gov

• Fax your question to the NASA Access

Help Desk at 301-621-0134

• Telephone the NASA Access Help Desk at
301-621-0390

Write to:

NASA Access Help Desk

NASA Center for AeroSpace Information
7121 Standard Drive

Hanover, MD 21076



NASA / TM--2002-211908 Paper Number 17_5169

Pulse Detonation Engines for

High Speed Flight

Louis A. Povinelli

Glenn Research Center, Cleveland, Ohio

Prepared for the
11th International Conference

cosponsored by the American Institute of Aeronautics and Astronautics

and the Association Aeronautique et Astronautique de France

Orl6ans, France, September 29-October 4, 2002

National Aeronautics and

Space Administration

Glenn Research Center

September 2002



NASA Center for Aerospace Information
7121 Standard Drive

Hanover, MD 21076

Available from

National Technical Information Service

5285 Port Royal Road
Springfield, VA 22100

Available electronically at http://gltrs.grc.nasa.gov



PULSE DETONATION ENGINES FOR HIGH SPEED FLIGHT

Louis A. Povinelli*

National Aeronautics and Space Administration
Glenn Research Center

Cleveland, Ohio 44135

Introduction

Revolutionary concepts in propulsion are

required in order to achieve high-speed

cruise capability in the atmosphere and for

low cost reliable systems for earth to orbit

missions. One of the advanced concepts

under study is the air-breathing pulse

detonation engine. 1 Additional work re-

mains in order to establish the role and

performance of a PDE in flight applica-

tions, either as a stand- alone device or as

part of a combined cycle system. In this

paper, we shall offer a few remarks on

some of these remaining issues, i.e., com-

bined cycle systems, nozzles and exhaust

systems and thrust per unit frontal area

limitations. Currently, an intensive ex-

perimental and numerical effort is under-

way in order to quantify the propulsion

performance characteristics of this device.

In this paper we shall highlight our re-

cent efforts to elucidate the propulsion

potential of pulse detonation engbtes and

their possible application to high-speed

or hypersonic systems.

Analyses

Cycle Analysis

In this paper, we begin with a description

of some of the CFD and cycle analyses

performed at the NASA Glenn Research

Center. As a starting point for our studies

we used the thermodynamic cycle analy-

sis, developed by Heiser and Pratt 2 under

*Chief Scientist, Turbomachinery and Propulsion
Systems Division

Glenn sponsorship. In that work, the au-

thors showed that the detonation process is
neither a constant volume nor a constant

pressure process, but rather, a distinctive

change in the thermodynamic state proper-

ties specific to the detonation process. As

shown in figure 1, inlet and mechanical

compression (if present) may occur in an

isentropic manner as does the expansion.

In their Meal and real (non-isentropic)

example cases, they showed the effects of

heat addition, entrance temperature and

forward velocity. Their example cases

used values of the ratio of specific heats

and the constant pressure for air. In addi-

tion, equal values of the lower heating

values of typical hydrocarbon and hydro-

gen fuels were used for both Brayton and

PDE cycles. The calculations were per-

formed using reference values of 400 °R.

and a constant pressure specific heat of

0.24 BTU/lb-°R. The results in their paper

were only meant to illustrate typical per-

formance parameters achievable with an

air-breathing pulse detonation engine

(PDE). For a specific fuel and given

flight conditions or for comparison with

experimental data, the analysis needs to

be applied using realistic values of the
variables. It is further noted that their

analysis was developed using the same

methodology as that used for IC engines,

such as the Otto and Diesel cycles. The

usefulness of such cycle analyses has been

amply demonstrated in the past, in spite of

being a non-time dependant approach.
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In our first study, 3 we applied the analysis

of reference 2 using a variety of fuel-air
mixtures.

Our first task was to calculate the heat ad-

dition occurring in the PDE specific to

each fuel, rather than assuming that the

lower heating value of the fuel-air mixture

was the correct value, as done in reference

2. In order to obtain the sensible heat re-

lease, the chemical equilibrium code,
CEA, of Gordon and McBride was used. 4

In so doing, we found the sensible heat

addition in the detonation process was

12 percent lower than in the case of de-

flagration and in both cases the sensible

heat was less than the lower heating

value of the fuel-air mixture. This effect

was attributed to the dissociation occurring

during the high temperature detonation

and deflagration processes. In reference 3,

we chose to use standard temperature and

pressure for our reference conditions, as
well as for the initial conditions for the

equilibrium calculations• Equivalence ra-

tios were normally chosen to have a value
of one.

As a check on our calculations, we calcu-

lated the Chapman-Jouget Mach number,

using the equation, which relates the lead-

ing normal shock wave Mach number,

Mc_, to the non-dimensional heat addition

and the ratio of specific heats:

M j=(r+l +1+ r+l -l

where ,7 = f hpR / Cp T 0. In order to obtain

the same value for Mcj, it was necessary to

use the CEA values of the specific heat ra-

tio and Cp of the detonated mixture. This

particular approach ensures that all of the

detonation characteristics are retained and

are consistent.

Our second point of departure from ref-

erence 2 was to use the corresponding

sensible heat release from either the

detonation process for the PDE cycle or

the deflagration process for the Brayton

cycle in order to calculate the non-

dimensional heat release parameter, _.

This _ parameter is also used to deter-

mine the thermal efficiency of the cycles.

For the PDE, the thermal efficiency is:

y+l

Mcj y+l
q,h = 1

Again, our departure from reference 2

lies in the fact that we using a lower

_ value for the detonation cycle (due to

greater dissociation losses) than we used

for the deJ_gration (Brayton) cycle. Al-

though the 1/,h of the PDE cycle still re-

mains higher than that of the Brayton

cycle (see figure 2), there is now a smaller

difference in the efficiency between the

two cycles. The effect of the relative de-

crease in the thermal efficiency has a di-

rect impact on the propulsion parameters
as will be discussed later. Our concern

centered on the relative dissociation losses

in a PDE and a conventional Brayton cycle

process, whose combustion process occurs

at significantly lower temperatures. With

the background given in this section, we

are now prepared to look at values of

the specific thrust, impulse and fuel

consumption.

Cycle Results
Performance

The impact of thermal efficiency on thrust
• ")

is given by the expression-:

+
rh gc
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As may be seen from the specific thrust

equation, it is the product of the non-
dimensional heat release and the thermal

efficiency that establishes the relative

thrust of various propulsion cycles.

Since q DETONATION is lower than

q DErtaGeAr1OU, and the thermal effi-

ciency difference has decreased due to

dissociation effects, the thrust equation

predicts that the two cycles will have

equal thrust when:

( rl,,,) oeroNAnoN = ( q,h)OeF  RAT10N

If that equality is satisfied, then the two

curves will have a common point and

they will cross or merge with each other.

The result in figure 3, for a stoichiometric

propane-air mixture, shows that the equal-

ity given above occurs at a temperature ra-
tio of 2.25. 3 Hence, the dissociation losses

have caused the PDE performance to fall

below the Brayton (ramjet) cycle above

that temperature ratio. Similar results oc-

cur for both the specific fuel consumption

and the impulse values. The temperature

ratio in figure 3 is directly related to the

flight Mach number, and it is more illus-

trative to present results in those terms.

It is important to recognize the differences

in the compression that occurs with each

cycle.

Typical results from reference 5 are shown

in figure 4 for flight conditions at 33,000 ft

altitude. The pressure and temperature at

station 0 (see figure 1) were 3.8 psia and

400 °R. The heat release was calculated as

described above. In these calculations,

both cycles have the same ram compres-

sion, but the Brayton cycle has some addi-

tional compression due to the presence of

a mechanical compressor. The PDE is de-

signed to avoid the complexities of rotat-

ing turbomachinery. Hence, for a given

flight Mach number, this results in lower

temperature value, T3, at the detonation

chamber entrance than in the case of a

Brayton cycle. The mechanical compres-

sion ratio, ¢cC, is added as an additional pa-

rameter on this figure. The bold lines

represent the permissible operation range

when the compressor discharge tempera-

ture is limited to 1710 °R.

Calculations were performed to examine
the effect of Mach number. 5 The PDE was

found to have higher specific thrust at

Mach numbers up to 2.3 compared to the

ramjet. It also had higher performance

than a turbojet which had mechanical

compression ratios below 4. This advan-

tage of the PDE disappears as the me-

chanical compression of the turbojet

exceeds 4. It also disappears when the

ramjet flight speed exceeds a Mach num-
ber of 2.3.

The performance calculations were also

examined for non-ideal process efficien-

cies, 5 i.e., compression, burning, and ex-

pansion. For an expansion efficiency of

0.95, the PDE performance remained

lower than the Brayton at all Mach num-

bers. A reduction in compressor efficiency

improved the performance of the PDE

slightly relative to the Brayton; whereas a

reduction in the burner efficiency had a

larger effect on reducing the relative PDE

performance. It was concluded that the

PDE may be suited for a combined cycle

application. Coupling of a PDE, which

theoretically can provide static thrust, with

a ramjet starting at Mach 2.5 to 3, fol-

lowed by a scramjet at Mach 5 to 6 may be

such a possibility. 5
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CFD Analysis and Results

Real Gas Effects and Recombination

In our previous work it was shown that the

high temperatures associated with detona-
tion caused a substantial amount of disso-

ciation, yielding high concentrations of

intermediate species. This process led to

an 11 percent loss in the sensible heat re-

lease available for the production of

thrust. 3 As shown in the last section, the

consequence of this loss was to reduce the

thermal efficiency and the heat release,

thereby reducing the specific thrust below

that of a ramjet at Mach numbers of 2.3.

Since the detonation products persist in the

chamber for a finite length of time, we
studied the effect of recombination on heat
addition. 6

For this work, finite-rate chemistry un-

steady computations were performed for

an open-ended tube filled with hydrogen-
air mixtures at standard conditions. It was

found that some recombination occurred

during the residence time in the tube. This

resulted in a smaller amount of sensible

heat loss than shown in the previous por-

tion of this paper. The differences are

shown in figure 5. The main conclusion

from our previous study 6 is that the disso-

ciation loss for an equivalence ratio of

1.0 reduces the sensible heat release by

16.7 percent relative to the heating value,

when chemical equilibrium was assumed.

Recombination in the PDE reduces this

loss to 10.8 percent.

For an equivalence ratio of 0.6, dissocia-
tion effects reduced the sensible heat re-

lease by 4.7 percent when equilibrium was
assumed, and recombination reduces the

loss to 0.6 percent. The study also showed

that the fuel specific impulse at 0.6 was

higher than that at an equivalence ratio of

1.0, although the thrust at 0.6 was lower.

Comparison of CFD and Cycle Analyses

with Experimental Data

In our latest work, the analyses described

above were compared to the hydrogen-air

experimental data obtained at the Wright
Labs. 7 In figure 6, our data are shown on

the impulse-equivalence ratio plot of ref-

erence 8. The open squares represent our

thermo cycle upper performance limit and

the open diamond symbols represent our
finite rate CFD results. The CFD results

are in excellent agreement with the data

and the cycle results show the potential

improvement, amounting to 200 to

300 seconds of impulse.

This work was carried out using hydrogen-

air mixtures due to the complexities of

finite rate chemistry modeling for hydro-

carbons as well as the lengthy computa-

tional time required for unsteady CFD. A

reduced hydrocarbon scheme is under

study, which should allow us to perform

similar computations.

Propulsion Performance Variation with
Mach Number

Based on the results obtained with the hy-

drogen-air calculations, it was decided to

estimate the recombination effect that

would occur in the propane-air detonation

used in our previous work and shown in

figure 4 Since the dissociation losses re-

duced the sensible heat release by

16.7 percent relative to the heating value

when chemical equilibrium was assumed

and the recombination reduced the losses

to 10.8 percent. A decrement of 5 percent
was assumed for the sensible heat loss

relative to the lower heating value of the

propane fuel. The non-dimensional c_de-

scribed previously was calculated using a

sensible heat release that was 5 percent

lower than was used in figure 4. The new

thrust results are shown in figure 7 as a

function of Mach number. It may be seen

NASA/TM--2002-211908 4



thatthe larger _ hasincreasedtherelative
performanceof the PDE relative to the
Braytoncycle. The PDE specificthrust is
now comparableto theramjetperformance
out to a Mach numberof approximately
3.0. However, this result may be some-
what optimistic in so far as the effect of
recombinationhasnot beentakeninto ac-
countfor theBraytoncycle.

The specificimpulse is alsoshownon the
fight marginof the plot. The correspond-
ing fuel consumptionvariationwith Mach
numberis shownin figure 8. It is observed
that the PDE's fuel consumptionis not
significantly different thanthat of a turbo-
jet with acompressionratioof 10.

Concluding Remarks

Some issues related to the use of PDE sys-

tems require improved physical under-

standing. The three noted here are related

to combined system applications, to

exhaust systems and to the low ratio of

thrust/frontal area.

Combined Cycle System

The PDE could be considered for applica-

tions similar to those of rocket- boosted

systems, although this does not utilize the

inherent static thrust capability of a PDE.

Since a PDE has the ability to provide

thrust at static conditions, the possibility of

a combined- cycle propulsion system ca-

pable of flight from ground to the high

Mach number required for scramjets

(._Mach 5.5) is conceivable. However,

sufficient thrust must be generated in order

to propel the weight of the entire vehicle.

The additional thrust may be achieved

through the use of a backpressure device
or nozzle.

Nozzles and Exhaust Systems

The CFD results in this paper have fo-

cused on open-ended detonation tube per-
formance. The thrust surface for such a

device is limited to the closed end of the

tube. Some form of a nozzle would be ex-

pected to provide additional ,_urface area

for thrust production. Some results have

shown that the thrust of a PDE may be in-

creased substantially by the use of a back-

pressuring nozzle. 1'9'1° These increases

may amount to factors approaching 50 to

100 percent of the impulse. Values of this

magnitude would establish the PDE as a

strong contender for combined cycle sys-

tems.

It is noted that our cycle analysis, unlike

the CFD, assumed an isentropic processes

without any specification of the exhaust

system. The performance results showed a

gain of 200 to 300 seconds of impulse;

which is hardly equivalent to the nozzle

gains mentioned above. Further work is

required to clarify this issue. In particular,

the question that needs answering is

whether or not the cycle analysis repre-

sents the upper performance limit for a

PDE. Isolation of the exhaust blast wave

from adjacent tubes may be required. This

problem could be addressed with separate
exhaust nozzles where the individual tubes

are centered about a center body or a

sculpted plug nozzle with dividing struts
between each exhaust stream. Other aero-

dynamic concepts involving fluidic de-

vices are possible such as vortex flow
control. 11

Thrust per Unit Frontal Area

In spite of the promise of significantly

higher performance, the PDE suffers from

a low specific thrust to frontal area or

mass flow ratio. The possibility of using

NASA/TM--2002-211908 5



multiplechambershasbeenconsideredby
a numberof investigators.Theseschemes
employ either a stationaryor concentric
rotating bank of PDE tubes, which are
fired in pairsona sequentialbasis.Theef-
fectof thesemultiple tubesfiring at suffi-
ciently high frequency may assist in
overcomingthelow thru-flow issue.

Finally, it is notedthat thePDE may have
practical engineeringadvantagesover a
gas turbine engine,i.e., simplicity, fewer
moving parts, lighter weight and lower
cost. In order to realizethesebenefits,the
effectsof high temperatureandhigh inter-
nal flow velocity on heattransferandvis-
couslossesaswell as fatigueand leakage
issuesrelatedto multi-cycleoperationand
valving require attention. These items
havenot beenaddressedin this paperand
mustawaitpracticaldemonstration.
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propulsion performance characteristics of this device. In this paper, we shall highlight our recent efforts to elucidate the

propulsion potential of pulse detonation engines and their possible application to high-speed or hypersonic systems.
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